Abstract Three anti-rabies virus (RABV) nucleoprotein (N) monoclonal antibodies (Mab) were characterized by immunofluorescence assays, western blotting, and immunohistochemistry. One of these Mabs recognized the antigen by all of the assays, while the other two recognized N only in the native form in the immunofluorescence assay. These data, together with epitope mapping studies, suggest that two anti-N Mabs recognize conformational epitopes located within the N-terminal region of the RABV N protein. The availability of Mabs specific for both linear and epitope-specific antibodies should prove valuable for rabies diagnosis as well as for RABV N protein structurefunction studies.
RNA polymerase (L), the surface glycoprotein (G), and the matrix protein (M) [18] . RABV N protein is 450 amino acids long and serves the critical function of tightly packaging the RNA genome into an RNase-resistant core [24, 26] . Encapsidation of the genomic RNA by newly synthesized N is believed to switch viral RNA from transcription to replication [24] . Furthermore, N is a major antigen for RABV to stimulate Th cells and antibody production, which has been shown to play a protective role against lethal infection in mice and dogs [3, 8] . It has been shown that the N protein has strain-specific and groupspecific antigenic determinants [7] . Monoclonal antibodies (Mab) reacting with the group-specific determinants recognize not only all rabies viruses but also rabies-related viruses [4] , and these Mabs, when conjugated with FITC or peroxidase, have been used for diagnosis and detection of rabies and rabies-related viruses around the world [14, 20, 22] . Mabs reacting with strain-specific determinants can be used to differentiate not only RABV from rabies-related viruses but also various strains of RABV, for example, RABV strains circulating in different animal reservoirs or isolated from different geographic locations [4] . In this study, we generated a panel of monoclonal antibodies from mice immunized with inactivated RABV and characterized three Mabs to the N protein. Two of them were found to be conformation-specific recognizing the N-terminal of the N protein.
To develop more Mabs specific for RABV, Balb/c mice (6-8 weeks old, NCI-Frederick, MD, USA) were immunized with sucrose-radient-purified and b-propiolactoneinactivated rabies virus strain L16 as described [15, 19, 23] . When the serum antibody titers reached a 1:204,800 endpoint dilution as measured by ELISA assay (coated with inactivated RABV), immunized mice were sacrificed. Splenocytes were obtained and used to fuse with Sp2/0 myeloma cells following the procedure manual of the ClonaCell-HY Hybridoma Cloning Kit (StemCell Technologies, Vancouver, Canada). Serial dilutions of the hybridoma cells were plated into 96-well tissue culture plates (Corning, NY, USA), and the supernatants were screened for the production of anti-rabies antibodies by an ELISA test. Forty-five clones demonstrated strong reactivity to RABV as evidenced by OD values above 0.5 and were further screened in an immunofluorescence assay in BSR cells infected with RABV. Fluorescent foci were observed in the supernatants of 25 hybridoma clones.
To identify Mabs recognizing RABV N, BSR cells were infected with recombinant vaccinia virus (vTF7-3) [10] , followed by transfection with plasmids (pGEM-3Z) expressing RABV N or P (as a control) [26] . Alternatively, BSR cells were infected with RV strain L16 at an moi of one fluorescent focus unit (ffu) per cell. After 48 h infection or transfection, cells were fixed with 80% acetone and reacted with supernatants collected from hybridoma cultures. Goat anti-mouse IgG labeled with fluor 555 (Invitrogen, Carlsbad, CA, USA) was used as the secondary antibody. As shown in Fig. 1a , none of the monoclonal antibodies showed fluorescent staining of cells infected with vaccinia virus alone. In contrast, three of the monoclonal antibodies reacted with cells expressing the RABV N protein (MAbs N40, N42, and N46), and one (MAb P49) reacted with cells expressing the RABV P protein.
In addition to immunofluorescence assays, western blotting was also performed after separation of purified RABV (L16) proteins by SDS-PAGE [13] . After transferred to a positively charged PVDF membrane (Bio-Rad, CA, USA), RABV proteins on the membrane were reacted with each of the Mabs, followed by goat anti-mouse antibodies conjugated with peroxidase (Promega, Madison, WI, USA). As shown in Fig. 1b , two Mabs (N42 and P49) reacted with the respective RABV antigens present under denaturing and reducing conditions. However, Mabs N40 and N46 failed to recognize N protein by western blotting. These results suggest that two of the three anti-N Mabs recognize conformational eptiopes, while the other anti-N (N42) and the anti-P Mabs are specific for linear epitopes present within their respective proteins.
To map the epitopes of the anti-N MAbs N40, N42, and N46, mutants of the RABV N protein lacking the N-terminal 45, 126, and 284 amino acid residues or the C-terminal 45, 125, and 297 amino acid residues were generated (Fig. 2a) by PCR cloning [26] , using plasmid pRN as template [8] . These plasmids were designated as ND45, ND126, ND284, CD45, CD125, and CD297, respectively. RABV N (pRN) and P (pRP) as well as the mutant N plasmids (ND45, ND126, ND284, CD45, CD125, and CD297) were each transcribed and translated using a T N T-coupled transcription and translation kit (Promega) as described previously [26] . The in vitro-translated products were subjected to immunoprecipitation with each of the anti-N Mabs followed by SDS-PAGE and autoradiographic analysis in a BAS 2000 Bio-Imaging Analyzer (Media Cybernetics, Bethesda, MD, USA). As shown in Fig. 2b , polyclonal serum precipitated the intact N protein, NDN45, NDN126, NDC45, and NDC125. Interestingly, the polyclonal antisera failed to react with NDN284 and NDC297, suggesting that the majority of the humoral immune response against inactivated RABV in vivo is directed against the central region of the protein (Fig. 2b, c) . Likewise, Mab N40 precipitated the intact N, NDN45, NDC45, and NDC125 in a pattern similar to the polyclonal antisera, suggesting reactivity with an epitope within the middle of the N. In contrast, Mabs N42 and N46 precipitated the intact N and all of the N mutants with the single exception of NDC297. Taken together with the western blotting data, these results suggest that the two MAbs (N40 and N46) recognize different conformational epitopes present within the RABV N. A comparison of the data obtained with polyclonal antisera versus Mab N46 also suggests that the recognition of this conformational epitope by the host immune system is a rare event.
Antibodies to RABV N have been used widely for rabies diagnosis using immunofluorescent assay [20, 22] or immunohistochemistry [6] . Although all the three anti-N MAbs recognized viral antigens in RABV-infected cells by immunofluorescent assay, it is not known if these MAbs can recognize RABV antigen in fixed tissue with immunohistochemistry. To this end, mice were infected with a street virus isolated from a dog (DRV) [5] or a laboratoryadapted virus (B2C) [17] and perfused with neutral formalin as described [25] . The brains were harvested and sectioned for immunohistochemistry with each of the anti-N or anti-P antibodies as described [25] . MAb 802-2 (Kindly provided by Dr. Charles Rupprecht from the Center for Disease Control and Prevention) was used as a positive control [11] . As shown in Fig. 3 , only those MAbs (N42, P49) with linear epitopes recognized RABV antigen in the fixed tissue, whereas MAb/N40 and MAb/N46 failed to detect RABV antigens in the fixed tissue. These results further confirm that these two monoclonal antibodies recognize conformational epitopes on RABV N.
Mabs to RABV N have been developed and used widely for diagnosis of rabies in samples collected from patients and rabid or rabid-suspicious animals in assays such as the direct immunofluorescent antibody assay (dFA), direct rapid immunohistochemical test (dRIT), or immunohistochemical test [11, 14, 20, 22] . Furthermore, anti-N Mabs have also been used to differentiate RABV strains isolated in different animal species and/or from different geographic locations [4] as well as to probe the structurefunction relationship of the N protein [1, 21] . In the present study, we characterized three anti-N Mabs and found that two of them were directed against conformational epitopes. These Mabs may be useful in rabies diagnosis and probing the structure of RABV N.
The dFA test in which anti-N Mabs was conjugated with FITC is extremely useful in identifying rabid animals and implementing post-exposure treatment for human victims who are bitten [14, 20, 22] . In the developed countries, animals that bite humans are sacrificed, and their brains are removed for detection of RV antigens using the dFA. Detection of positive antigens will indicate that the biting dog is infected with RABV, and thus the victims need to have post-exposure treatment. The dFA has also been used for antemortem diagnosis of human rabies to detect RABV antigens in skin biopsy samples [2] . The commercial dFA is sensitive and specific. However, a fluorescent microscope is required to read the slide in the dFA, and this is not readily available in many developing countries. Fig. 1 Characterization of RABV Mabs by immunofluorescence assay and by western blotting. In the immunofluorescent assay, a BSR cells were infected with RABV strain L16 or infected with vTF7-3 (MOI of 1), followed 1 h later by transfection with N-or P-expressing plasmid. At 48 h after infection or infection/ transfection, cells were fixed with 80% acetone, reacted with individual Mabs, followed by goat anti-mouse IgG labeled with fluor 555. Panels A-F L16, cells infected with virus strain L16 only; Panels G-L Vaccinia, cells infected with vTF7-3 only; Panels M-R N, cells infected with vTF7-3 and transfected with N-expressing cDNA; Panels S-X P, cells infected with vTF7-3 and transfected with P-expressing cDNA. For Western blotting, b purified RABV L16 virions were subjected to SDS-PAGE, and the separated proteins were transferred to a nitrocellulose membrane. After blocking, the membrane was incubated with each of the Mabs, followed by incubation with peroxidaseconjugated secondary antibody. Reactivity of Mabs was determined by development with DAB. Each of the viral proteins recognized by the polyclonal antibodies is marked, and molecular weight markers were indicated as well To overcome this problem, a direct RV immunohistochemical test (dRIT) has been developed recently [14] . In this test, the anti-RV antibodies are labeled with horseradish peroxidase and used to react with antigens in the brain tissue. The positive reaction can be detected under a light microscope. Thus, there is no need for a fluorescent microscope, and the test can be performed almost anywhere. The test has similar sensitivity and specificity as the dFA test. This test has been used in remote areas in developing countries in Africa and Asia [14, 27] . However, the peroxidase-labeled anti-RV antibodies are not commercially available. The anti-N and anti-P Mabs, particularly the two that recognize linear epitopes, could be used in dFA and/or dRIT. Indeed, these antibodies recognized antigens from both lab-adapted and wild-type RABV when used in the immunohistochemical studies reported here. Linear and conformational Mabs to RABV N have been developed previously [4, 12, 16, 21] . While Mabs to linear epitopes are suitable for diagnosis, Mabs to linear and conformational epitopes have been useful in probing the structure of the N protein, including identifying epitopes [3] and the site of phosphorylation [12] . Apart from antigen epitopes, RABV N has structural domains that interact with genomic RNA for genomic encapsidation [26] and/or with P for specific RNA encapsidation [9] . In this study, the Mab N40 has been crudely mapped to epitopes located between amino acids 45 or 126-284. The conformational epitopes have not been mapped precisely, and further studies are warranted. Fig. 3 Characterization of anti-N Mabs in immonuhistochemical analysis. RABV-infected brain tissues were fixed in formalin and embedded in paraffin. Coronal sections were prepared and reacted with each of the Mabs, followed by biotinylated secondary antibody (goat anti-mouse) and avidin-peroxidase. Finally, diaminobenzidine (DAB) was used as a substrate for color development. B2C brain tissues from mice infected with RABV B2C. DRV brain tissues from mice infected with RABV B2C
